The Ser and Thr kinase AKT, also known as protein kinase B (PKB), was discovered 25 years ago and has been the focus of tens of thousands of studies in diverse fields of biology and medicine. There have been many advances in our knowledge of the upstream regulatory inputs into AKT, key multifunctional downstream signaling nodes (GSK3, FoxO, mTORC1), which greatly expand the functional repertoire of AKT, and the complex circuitry of this dynamically branching and looping signaling network that is ubiquitous to nearly every cell in our body. Mouse and human genetic studies have also revealed physiological roles for the AKT network in nearly every organ system. Our comprehension of AKT regulation and functions is particularly important given the consequences of AKT dysfunction in diverse pathological settings, including developmental and overgrowth syndromes, cancer, cardiovascular disease, insulin resistance and type 2 diabetes, inflammatory and autoimmune disorders, and neurological disorders. There has also been much progress in developing AKT-selective small molecule inhibitors. Improved understanding of the molecular wiring of the AKT signaling network continues to make an impact that cuts across most disciplines of the biomedical sciences.
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Years of AKT Signaling
Thirty years ago, Stephen Staal identified and cloned the v-Akt oncogene from the AKT8 transforming retrovirus (Staal, 1987) . Four years later, three laboratories independently cloned and characterized the cellular homolog of v-AKT, a 57 kDa Ser and Thr protein kinase. Bellacosa and Tsichlis used cDNA hybridization with v-AKT to clone the protein kinase and termed it c-AKT (Bellacosa et al., 1991) . The Hemmings group used degenerate PCR for sequences encoding protein kinase catalytic domains to identify the kinase, which they named Related to A-and C-kinase (RAC) (Jones et al., 1991) . Woodgett and Coffer used library screening and identified a protein kinase they named protein kinase B (PKB) due to the similarity with PKA and PKC (Coffer and Woodgett, 1991) . We now know that there are three AKT/PKB isoforms conserved in mammalian genomes: AKT1 (PKBa), AKT2 (PKBb), and AKT3 (PKBg). AKT was propelled into the signal transduction limelight a few years later, when it was found that AKT activation occurs downstream of phosphoinositide 3-kinase (PI3K), a lipid kinase linked to cellular transformation and the insulin response (Cantley, 2004 (Cantley, -2005 .
Class I PI3K phosphorylates the 3 0 hydroxyl of the inositol head group of phosphoinositides, resulting in the production of the lipid second messengers PtdIns-3,4-P 2 (PI3,4P 2 ) and PtdIns-3,4,5-P 3 (PIP 3 ); however, downstream effectors of the PI3K products were unknown in the mid-90's. Franke, Kaplan, and Tsichlis, working with PDGF receptor mutants developed by Kazlauskas, showed that stimulation of cells with PDGF results in the activation of AKT in a manner that depends exclusively on the ability of PI3K to bind to the PDGF receptor (Franke et al., 1995) . Burgering and Coffer (1995) , as well as the Roth laboratory (Kohn et al., 1995) , used similar approaches to show that AKT is activated by growth factors in a PI3K-dependent manner. At this point, AKT was firmly established as the first bona fide effector of PI3K in cells. What remained to be elucidated is the precise mechanism by which PI3K and its lipid products activate AKT. AKT possesses a pleckstrin homology (PH) domain at its amino terminus, which Downes and Alessi initially showed can bind to PIP 3 (James et al., 1996) . Subsequently, both PI3,4P 2 and PIP 3 were shown to directly bind to the PH domain of AKT, and PI3,4P 2 binding was found to induce partial activation of the protein kinase in vitro (Franke et al., 1997; Frech et al., 1997; Klippel et al., 1997) .
Other landmark findings in the field were the mechanisms of termination of AKT activity and its first substrates. PI3K activity is opposed by the tumor suppressor PTEN, first cloned by the Parsons and Steck laboratories (Li et al., 1997; Steck et al., 1997) and characterized as a PIP 3 phosphatase by Dixon (Maehama and Dixon, 1998) . Concomitant with the identification of AKT as a PI3K effector, much work was being undertaken to uncover the role of PI3K in insulin signaling, leading to the discovery that GSK-3b is a substrate of AKT in insulin-stimulated cells (Cross et al., 1995) . The identification of this first substrate of AKT was also instrumental in subsequent studies to define the optimal AKT consensus phosphorylation motif (Alessi et al., 1996b) , which has since facilitated the discovery of over a hundred AKT substrates linked to cell physiology and disease.
In the past 25 years, the AKT signaling field has seen remarkable expansion and discoveries that have central relevance to health and human disease. Here, we provide an update and expansion to a review from 2007 (Manning and Cantley, 2007) that provides a more network-based view of AKT signaling. We highlight the detailed mechanisms that account for AKT regulation, the key downstream branches regulated by AKT, how the AKT network is wired and integrated with other cellular signals, how this in turn influences the physiology and pathobiology of AKT, and finally, how therapeutic targeting of the AKT network can be used to treat human diseases.
Upstream Regulation of AKT PI3K-Dependent AKT Activation Activation of PI3K by extracellular stimuli results in activation of AKT in virtually all cells and tissues. As such, PI3K and its lipid 
Molecular Mechanisms of AKT Regulation
(A) Stimulation of RTKs or GPCRs leads to activation of PI3K, leading to PIP 3 production at the plasma membrane. Cytosolic inactive AKT is recruited to the membrane and engages PIP 3 through PH domain binding. This leads to phosphorylation of T308 and S473 by PDK1 and mTORC2, respectively, resulting in full activation. Signal termination is achieved by the PIP 3 phosphatase PTEN and the PP2A and PHLPP protein phosphatases. A separate endomembrane pool of active AKT likely exists that is activated through engagement of PI3,4P 2 through the action of the SHIP phosphatase and terminated by INPP4B. (B) The modular structure of AKT1, with position of PTMs color coded for phosphorylation (pSer/pThr/ pTyr), acetylation (Lys-Ac), ubiquitylation (Lys-Ub), methylation (Lys-Me), hydroxylation (Pro-OH), glycosylation (O-GlcNac), and SUMOylation (Lys-SUMO).
products are generally considered to be obligate and rate limiting for proper AKT activation. The canonical pathway leading to AKT activation is initiated by the stimulation of receptor tyrosine kinases (RTK) or G-protein-coupled receptors (GPCR) leading to plasma membrane recruitment and activation of one or more isoforms of the class I PI3K family ( Figure 1A ; for a detailed review on PI3K, see Vanhaesebroeck et al. [2010] ). Also important for regulation of PI3K is interaction with members of the Ras family of small GTPases (Rodriguez-Viciana et al., 1994) . Class I PI3Ks predominantly phosphorylate PI4,5P 2 , thereby producing PIP 3 (Vanhaesebroeck et al., 2010) , whereas the synthesis of PI3,4P 2 typically follows, perhaps resulting from the action of the 5 0 -phosphatase SH2-domain-containing inositol 5 0 -phosphatase (SHIP) on PIP 3 (Franke et al., 1997; Guilherme et al., 1996) . PI3,4P 2 can also be synthesized by class II PI3Ks using PI4P as substrate (reviewed in Hawkins and Stephens [2016] ). Although the specific PI3K isoform activated in a given cellular context may differ, the ultimate output is the same: relocalization of inactive AKT to membrane sites of PI3,4P 2 or PIP 3 accumulation via engagement of the AKT PH domain.
Signal termination of PI3K-PIP 3 signaling is primarily achieved by the phosphatase PTEN, which dephosphorylates PIP 3 converting it back to PI4,5P 2 . The initial synthesis of PI3K lipid products is observed within seconds to minutes of growth factor stimulation; exhibits a peak, generally in the first hour; and is then downregulated with a timing that depends on the cell type and stimulus (Auger et al., 1989) . The transient nature of this signal is largely achieved by PTEN action combined with temporal inactivation of PI3K. While AKT is the most widely studied effector of PI3K signaling and influences most phenotypes associated with PI3K pathway activation, it is worth noting that many other downstream effectors of PI3K exist that are activated in parallel to AKT and contribute to the subsequent cellular response (Vanhaesebroeck et al., 2010) . Major Regulatory Phosphorylation Events on AKT Activation of PI3K results in the phosphorylation of two key residues on AKT1, T308 in the activation, or T-loop, of the catalytic protein kinase core, and S473 in a C-terminal hydrophobic motif (Alessi et al., 1996a) (Figures 1A and 1B) . Phosphorylation of both residues is required for maximal activation of the kinase. Regulation also occurs on corresponding residues in AKT2 (T309 and S474) and AKT3 (T305 and S472). The phosphoinositide-dependent protein kinase 1 (PDK1) was discovered for its ability to phosphorylate AKT1 at T308, which is required for AKT activity (Alessi et al., 1997; Stokoe et al., 1997) . Relocalization of both AKT and PDK1 to membrane sites of PIP 3 or PI3,4P 2 synthesis induces conformational changes, providing access of PDK1 to AKT for phosphorylation of T308. In the inactive conformation, the AKT PH domain is inhibitory, and this ''PH-in'' conformation is relieved by PH domain engagement of PI3K products, resulting in a ''PH-out'' conformation that releases the kinase domain and allows its phosphorylation by PDK1 (Calleja et al., 2007; Calleja et al., 2009) . PDK1 is also required for activation loop phosphorylation of other AGC family protein kinases (referring to those related to Protein Kinases A, G, and C), including all isoforms of the growth-factor-stimulated kinases PKC, S6K, SGK, and RSK (Mora et al., 2004) ; however, none of these kinases possess a PIP 3 -binding domain, and AKT appears to be the only obligate PIP 3 -dependent PDK1 target among this group (Collins et al., 2003; McManus et al., 2004) .
Maximal activation of AKT requires phosphorylation of S473 in the hydrophobic motif. The primary AKT S473 kinase is the mechanistic target of rapamycin (mTOR) complex 2 (mTORC2) (Sarbassov et al., 2005) (Figures 1A and 1B) .While AKT lacking S473 phosphorylation has activity, it is greatly diminished, and phosphorylation of S473 stabilizes T308 phosphorylation and the activation state of AKT (Alessi et al., 1996a; Yang et al., 2002) . By analogy with PDK1, mTORC2 also phosphorylates other AGC kinases at their corresponding hydrophobic motif residues, although the corresponding motif in S6K1 (T389) is targeted by mTORC1 (Saxton and Sabatini, 2017) . Also like PDK1, some targets of mTORC2 are phosphorylated constitutively (e.g., PKC), whereas others are phosphorylated only in response to PI3K signaling (e.g., AKT, SGK). The protein kinase activity of mTORC2, assayed in immunopurifications, is stimulated by growth factors in a PI3K-dependent manner Sarbassov et al., 2005) . A recent study suggested a mechanism of this regulation, indicating that a PH domain within the SIN1 component of mTORC2 serves to bind to PIP 3 , leading to relief of autoinhibition of mTOR kinase activity within the complex (Liu et al., 2015) . PIP 3 binding would therefore have the dual function of relocalizing mTORC2 to membranes where AKT is being recruited, as well as relieving conformational constraints on mTOR, allowing AKT phosphorylation; however, a separate study using intracellular compartment-specific reporters concluded that PI3K activation is dispensable for mTORC2 activity on membranes (Ebner et al., 2017b) . In this model, it is the relocalization of AKT to specific membranes through its PH domain that allows mTORC2 to gain access to S473. Although earlier studies suggested that PIP 3 is exclusively localized to the plasma membrane, more recent reports have provided evidence for endomembrane pools of PIP 3 and PI3,4P 2 that directly contribute to AKT activation (Jethwa et al., 2015) ( Figure 1A) . Clearly, the molecular and spatial regulation of mTORC2 and its relationship to AKT activation remain important and active areas of investigation. Finally, the mTOR-related kinase DNA-dependent protein kinase (DNA-PK) can substitute for the activity of mTORC2 for AKT S473 phosphorylation in response to DNA damage (Bozulic et al., 2008) , but the spatial nature of this regulation has not been defined.
The lifetime of active, fully phosphorylated AKT at the plasma membrane is relatively short (Calleja et al., 2007; Jethwa et al., 2015) . Since phosphorylated AKT can be detected intracellularly and can phosphorylate substrates up to 2 hr post-stimulation (Kunkel et al., 2005) , it is generally believed that AKT can dispense with PIP 3 binding once phosphorylated and in an active conformation; however, a recent study found that PIP 3 binding allosterically activates AKT and that dissociation from PIP 3 is rate limiting for AKT dephosphorylation and inactivation (Ebner et al., 2017a) . In this provocative model, AKT-mediated substrate phosphorylation must be restricted to membranes containing PI3K lipid products, rather than through active AKT being released into cytosolic compartments; however, AKT phosphorylates a myriad of protein substrates with diverse subcellular localizations (Manning and Cantley, 2007) . Some AKT targets localize to endomembrane surfaces (e.g., TSC2 [Menon et al., 2014; Roberts et al., 2004] ), but others do not, such as nuclear-localized transcription factors (e.g., FoxO [Brunet et al., 1999] ). This caveat notwithstanding, endomembranes contain PI3,4P 2 , and this mode of AKT regulation could represent a mechanism by which PI3,4P 2 and PIP 3 engage distinct pools of AKT (Braccini et al., 2015) ( Figure 1A ). This model is supported by studies on the PI3,4P 2 phosphatase and tumor suppressor INPP4B, the loss of which leads to elevated PI3,4P 2 at endosomes and activation of AKT2 (Braccini et al., 2015; Fedele et al., 2010; Gewinner et al., 2009; Li Chew et al., 2015) . Restricting AKT activity to membranes where PI3K lipid products are present could serve to provide specificity and fidelity in substrate selection, as well as a mechanism of spatial segregation for specific signaling events.
Although a multitude of studies have demonstrated an obligate requirement for PI3K in activation of AKT, there are reports suggesting that AKT activation can proceed in a manner that is independent of PI3K and, presumably, phosphoinositide binding to AKT; however, whether functional AKT activation can occur in the absence of productive PI3K signaling has not been firmly established, and any such mechanism would have to be supported by clear cut evidence of PH domain release and exposure of the catalytic kinase core. Other Regulatory Modifications of AKT While T308 and S473 phosphorylation are considered rate limiting and obligatory for maximal AKT activation downstream of PI3K, many other post-translational modifications have been detected and presumably serve to fine tune AKT activation, inactivation, cellular localization, or, perhaps, substrate specificity ( Figure 1B ). Numerous phosphorylation sites on AKT have been mapped, and some of these have been linked to AKT function . T450 in a region termed the turn-motif is constitutively phosphorylated by mTORC2, occurs co-translationally, and is required for proper folding of the nascent AKT polypeptide (Facchinetti et al., 2008; Ikenoue et al., 2008) . S477 and T479 in the regulatory domain can be phosphorylated in a cell-cycle-dependent manner by the cyclin A-CDK2 complex but can also be targeted, along with S473, by mTORC2 to enhance AKT activity . CK2 has been shown to phosphorylate S129 and increase catalytic activity (Di Maira et al., 2005) , whereas GSK-3a-mediated phosphorylation of T312 appears to attenuate AKT activity (Gulen et al., 2012) . Many additional phosphorylation sites on AKT, including a number of tyrosine residues, have been mapped by phosphoproteomics, but the mechanisms that account for these modifications and their physiological significance are unknown (reviewed in Risso et al. [2015] ; see http://www.phosphosite.org).
Beyond phosphorylation, various other post-translational modifications on AKT isoforms have been identified ( Figure 1B ). Acetylation of K14 in the AKT PH domain has been documented, and SIRT1 deacetylates this residue. K14 acetylation has been proposed to be required for AKT binding to PIP 3 and, therefore, membrane translocation (Sundaresan et al., 2011) . The K14 residue in the PH domain seems to be functionally important for regulation, since it is modified by acetylation, ubiquitylation, and methylation, depending on the cellular conditions used. Oxidation of Cys residues in the AKT2 linker region has been reported and may provide isoform-specific regulation, since these residues are not conserved in AKT1 or AKT3 (Wani et al., 2011) . Glycosylation of AKT on T305 and T312 in the catalytic core has also been reported (Wang et al., 2012) . AKT is hydroxylated by the prolyl hydroxylase EglN1 (also known as PHD2) on a number or Pro resi- dues-particularly, P125 and P313-thereby triggering interaction with pVHL .
AKT is ubiquitylated on multiple distinct Lys residues. With respect to degradative polyubiquitylation, multiple E3 ubiquitin-ligases have been shown to catalyze K48-linked ubiquitylation of AKT, thereby promoting proteasomedependent degradation (reviewed in Chan et al. [2014] ). By contrast, distinct ubiquitin ligases that couple K63-linked ubiquitin to AKT serve to regulate AKT activation. For example, various growth factors elicit activation of the TRAF6 (Yang et al., 2009 ), Skp2 (Chan et al., 2012 , and NEDD4-1 (Fan et al., 2013) E3 ligases that target Lys residues in the AKT PH domain, and these modifications enhance membrane localization. Termination of this signal is achieved by the deubiquitinating enzyme CYLD (Lim et al., 2012) . Finally, SUMOylation of AKT at several Lys residues, including K276, mediated by the SUMO E3 ligase PIAS, has also been reported and suggested to be involved in AKT activation (Li et al., 2013) . Signal Termination by AKT Phosphatases In addition to signal termination by lipid phosphatases such as PTEN and INPP4B, two critical protein phosphatases function to directly inactivate AKT ( Figure 1A ). Protein phosphatase 2A (PP2A) dephosphorylates AKT T308, leading to kinase inactivation (Andjelkovi c et al., 1996) . The PP2A B55a regulatory subunit can directly bind to AKT in lymphoid cells (Kuo et al., 2008) , whereas the B56b subunit directs PP2AC to AKT in adipocytes (Padmanabhan et al., 2009) . The PH domain leucine-rich repeat protein phosphatases (PHLPP1 and PHLPP2) were discovered as the physiological AKT S473 phosphatases (Gao et al., 2005) . PHLPP1 and PHLPP2 dephosphorylate S473 on specific AKT isoforms (Brognard et al., 2007) . Since loss of PHLPP activity leads to hyperphosphorylation of AKT, it is not surprising that PHLPP1 and PHLPP2 expression is reduced or lost in many cancers (Chen et al., 2011) .
AKT Substrates and Functions: Key Signaling Nodes
There are well over 100 AKT substrates reported in research literature. While not all of these targets have been rigorously validated, as discussed previously (Manning and Cantley, 2007) , the collective studies on AKT signaling over the years suggest a widely diverse repertoire of downstream effects in different settings stemming from its parallel regulation of multiple substrates (examples in Figure 2) . In a sequence context-dependent manner, AKT directly phosphorylates protein targets of numerous functional classes, including protein and lipid kinases, transcription factors, regulators of small G proteins and vesicle trafficking, metabolic enzymes, E3 ubiquitin ligases, cell cycle regulators, and many others. AKT phosphorylates these targets on Ser and Thr residues, primarily within a minimal consensus recognition motif of R-X-R-X-X-S/T-f (where X is any amino acid and f denotes a preference for large hydrophobic residues) to either activate or, more often, inhibit the function of the given protein; however, the mere existence of this motif, which can be found in thousands of proteins, does not render that protein as a bona fide AKT substrate. Factors such as accessibility of the site on the substrate, secondary interactions with AKT, and subcellular compartmentalization are also likely to contribute. In addition, a few well-established AKT substrates are phosphorylated on modified versions of this motif, including the AMP-regulated protein kinase (AMPK) and ATP-citrate lyase (ACLY), both of which have a Pro residue at the À5 position, rather than the canonical Arg residue (Berwick et al., 2002; Horman et al., 2006) . It is also now recognized that even the most well-established AKT substrates are not exclusively regulated by AKT, with context-dependent redundancy in substrate regulation being a prevalent feature of the signaling network (see below).
Key considerations for validating a candidate target of AKT as a bona fide substrate and the function of many established targets have been reviewed previously (Manning and Cantley, 2007) . AKT isoforms have cell-and tissue-specific functions, but most prominently, AKT activation can promote cell survival, proliferation, growth, and changes in cellular metabolic pathways through its numerous downstream targets. While the AKT-mediated phosphorylation of many of its substrates has just one physiological consequence, AKT also controls key signaling nodes that subsequently regulate multiple cellular targets and functions (Figure 2 ). In the context of a network-based view of AKT signaling, we highlight the three best-established downstream targets of AKT, which are also key signaling nodes that integrate AKT signaling with additional cellular regulatory circuits. 
Glycogen Synthase Kinase 3
The multi-functional Ser and Thr protein kinase glycogen synthase kinase 3 (GSK3) was the first AKT substrate reported (Cross et al., 1995) . The two isoforms, GSK3a and GSK3b, share 85% sequence homology and are functionally redundant in some contexts, but isoform-specific functions have been identified in specific tissues (Kaidanovich-Beilin and Woodgett, 2011) . Through complex formation with distinct signaling components, GSK3 participates in different signaling pathways in cells, most notably the Wntb-catenin pathway. Importantly, GSK3 regulation in such pathways is believed to be independent of its regulation by growth factor signaling through PI3K and AKT. GSK3 is generally active in the absence of exogenous signals and is thus acutely inactivated upon stimulation of cells with growth factors. AKT exerts an inhibitory phosphorylation on an amino-terminal motif conserved in both GSK3a (S21) and GSK3b (S9). The molecular nature of this regulation stems from GSK3's own substrate specificity, which includes a strong preference for phosphorylation of Ser and Thr residues that are four residues amino-terminal to a previously phosphorylated Ser and Thr (referred to as priming at the +4 position). The phosphate from the priming site on the substrate is recognized by a phosphate-binding pocket in the kinase domain of GSK3, which positions the target Ser and Thr residue for phosphorylation by the adjacent catalytic site of the kinase (Dajani et al., 2001; Frame et al., 2001; ter Haar et al., 2001) . The AKT-mediated phosphorylation of GSK3 on the amino terminus creates an intramolecular pseudosubstrate that occludes the phosphate-binding pocket and inhibits substrate accessibility to GSK3 (Figure 3 ).
GSK3 regulates a large, functionally diverse set of direct downstream targets, most of which are inhibited or degraded upon GSK3-mediated phosphorylation (Kaidanovich-Beilin and Woodgett, 2011). As such, growth factor signaling through AKT positively regulates these targets through the inhibition of GSK3. The fact that distinct signaling pathways and protein kinases are responsible for the priming of individual GSK3 substrates adds an extra layer of complexity that allows the integrated regulation of these targets by multiple signaling inputs. The phosphorylation of some GSK3 targets involved in control of cell survival or proliferation creates a ''phospho-degron'' that is recognized by specific E3 ubiquitin ligases that subsequently target the substrate for proteasomal degradation. These include the prosurvival BCL-2 family member MCL-1 (Ding et al., 2007; Maurer et al., 2006; Morel et al., 2009) for GSK3 recognition following phosphorylation by JNK and ERK, respectively. Thus, AKT signaling can stabilize these proteins by inhibiting GSK3. GSK3 also regulates cellular metabolism: either directly, through the phosphorylation and inhibition of metabolic enzymes, such as its namesake substrate glycogen synthase (GS) (Parker et al., 1983; Rylatt et al., 1980) ; or indirectly, through the inhibitory regulation of transcription factors that globally regulate specific metabolic programs, including c-Myc, SREBP1c, HIF1a, and NRF2 (Kaidanovich-Beilin and Woodgett, 2011) . Knockin mice lacking the AKT phosphorylation sites on GSK3a and b (Gsk3a
S21A
; Gsk3b
S9A
) are impaired for insulin-stimulated glycogen synthesis in muscle (McManus et al., 2005) ; however, the degree to which the AKT-mediated regulation of GSK3 influences the functions of other GSK3 substrates is less clear.
Forkhead Box O Family Transcription Factors
The Forkhead Box O (FoxO) transcription factors, comprised of FoxO1, 3, 4, and 6, control a diverse set of gene targets that are, among other responses, involved in adaptation to fasting and low insulin and IGF1 signaling (van der Vos and Coffer, 2011; Webb and Brunet, 2014) . Activation of PI3K-AKT signaling leads to acute translocation of FoxO proteins out of the nucleus and attenuation of their transcriptional program (Brunet et al., 1999; Kops et al., 1999) . AKT mediates this regulation through direct phosphorylation of three conserved residues on these factors ( Figure 4A ). Phosphorylation of the most amino-terminal site and a second site within a nuclear localization sequence (NLS) on the FoxO proteins (T24 and S256 on FoxO1) generates recognition motifs for the 14-3-3 family of phospho-binding proteins, which facilitate the export and sequestration of phosphorylated FoxO proteins in the cytosol ( Figure 4B ). In this manner, AKT signaling suppresses the expression of FoxO targets involved in the induction of apoptosis (e.g., BIM and PUMA), cell-cycle arrest (e.g., p21 and p27), catabolism and growth inhibition (e.g., Sestrin3, MAP1LC3B, and BNIP3), and tissue-specific metabolic changes (e.g., PEPCK and G6PC) (van der Vos and Coffer, 2011; Webb and Brunet, 2014) .
The highly conserved genetic relationship between AKT and FoxO family members provides definitive proof of the vital regulatory interaction between AKT signaling and suppression of the FoxO transcriptional program. This connection was first recognized in C. elegans, where dauer-stage arrest induced by depletion of the two AKT isoforms (akt-1 and akt-2) was completely rescued by loss of the sole FoxO family member (daf-16) (Paradis and Ruvkun, 1998) . In mice, liver-specific ablation of Akt1 and Akt2 gives rise to severe hepatic insulin resistance and hyperglycemia, phenotypes that are reversed by codeletion of the primary isoform of FoxO in the liver, Foxo1 (Lu et al., 2012) . Collectively, these studies demonstrate that the primary phenotypes caused by loss of AKT signaling in these settings are driven by sustained FoxO-mediated transcription. Thus, FoxO is the key downstream target of AKT signaling for many physiological processes (see below). Tuberous Sclerosis Complex 2 and mTORC1 PI3K and AKT play an evolutionarily conserved role in promoting cell, tissue, and organismal growth downstream of growth factors such as IGF1. This regulation is primarily through the AKTmediated activation of the protein kinase complex mTORC1, which stimulates the biosynthetic processes underlying cell growth (Saxton and Sabatini, 2017) . The primary mechanism by which AKT activates mTORC1 is through the phosphorylation and inhibition of tuberous sclerosis complex 2 (TSC2, also known as tuberin) (Inoki et al., 2002; Manning et al., 2002; Potter et al., 2002) , which functions within a protein complex also containing TSC1 and TBC1D7, collectively referred to as the TSC complex ( Figure 5A ). Through a C-terminal domain, TSC2 acts as a GAP specific for the Ras-related GTPase Rheb, thereby promoting the conversion of Rheb-GTP to Rheb-GDP (Saxton and Sabatini, 2017) . In its GTP-bound form, Rheb is an essential activator of mTORC1. Thus, through its Rheb-GAP activity, the TSC complex is a potent inhibitor of mTORC1. The AKT-mediated phosphorylation of TSC2 relieves this inhibition to activate mTORC1.
The activation state of mTORC1 is controlled in an integrated manner by largely independent signals impinging on Rheb and a second class of small GTPases called the Rags (Saxton and Sabatini, 2017) . A heterodimer of Rag isoforms localizes to the cytoplasmic face of the lysosome through an interaction with a protein complex referred to as the Ragulator, which itself interacts with the lysosomal V-ATPase. Through a variety of sensing mechanisms, the guanine nucleotide-binding state of the Rag proteins is altered by amino acid availability in a manner that influences the ability of the Rag heterodimer to interact with mTORC1. In the presence of amino acids, the Rag proteins recruit mTORC1 to the lysosomal surface, where a sub-population of Rheb resides. In the absence of growth factors, the TSC complex associates with Rheb on the lysosome and maintains it in the GDP-bound state, unable to activate mTORC1 (Menon et al., 2014) . Growth factor stimulation causes immediate release of the TSC complex from Rheb at this location in a manner that is dependent on AKT and its five phosphorylation sites on TSC2 ( Figures 5A and 5B) . Release of the TSC complex allows Rheb to become GTP loaded and locally activate mTORC1 recruited by the Rag proteins. This regulatory circuit serves as a spatial integrator of distinct signals, assuring that mTORC1 is only maximally activated when sufficient intracellular amino acids are sensed upstream of the Rag proteins and an exogenous signal from growth factors is propagated through AKT and the TSC complex.
It is also worth noting that AKT has been suggested to directly phosphorylate mTOR on S2448 (Navé et al., 1999; Sekuli c et al., 2000) , and this phosphorylation is frequently used as a marker of mTORC1 activation; however, subsequent studies demonstrated that S2448 is phosphorylated by S6K downstream of mTORC1 (Chiang and Abraham, 2005; Holz and Blenis, 2005) , and this phosphorylation occurs on mTOR within both mTORC1 and mTORC2 (Rosner et al., 2010) . Furthermore, mutation of S2448 does not appear to influence mTOR function, and its functional significance remains unknown. While mTOR phosphorylation on S2448 can correlate with mTORC1 signaling, these factors invalidate this phosphorylation as a specific marker for mTORC1 activity.
Proline-rich AKT substrate of 40 kDa (PRAS40; also known as AKT1S1) is another AKT target that is involved in mTORC1 regulation (Sancak et al., 2007; Vander Haar et al., 2007) . PRAS40 is a protein of unknown function that is a non-essential component of mTORC1. AKT phosphorylates PRAS40 on T246 (Kovacina et al., 2003) , and this substrate has become a reliable readout of AKT activity in cells and tissues. PRAS40 has inhibitory activity toward mTORC1 that is attenuated upon T246 phosphorylation (Sancak et al., 2007; Vander Haar et al., 2007) ; however, the role of PRAS40 phosphorylation in relaying the signal from AKT to mTORC1 activation remains unclear, with conflicting findings on whether loss of PRAS40 leads to growth-factor-independent activation of mTORC1 (Sancak et al., 2007; Vander Haar et al., 2007) . This is in contrast to components of the TSC complex, the loss of which lead to full AKT-independent activation of mTORC1, despite PRAS40 being in the dephosphorylated state in such settings (Sancak et al., 2007) . Furthermore, insulin fails to activate mTORC1 signaling in cells lacking the AKT phosphorylation sites on TSC2, despite normal induction of PRAS40 phosphorylation (Menon et al., 2014) . Thus, the TSC-Rheb circuit appears to be dominant over PRAS40 for mTORC1 regulation by Akt-at least in some settings. Interestingly, PRAS40 is also a substrate of mTORC1, and independent studies suggest that it might exert its negative regulatory effect through a substrate competition mechanism (Fonseca et al., 2007; Oshiro et al., 2007) .
Through its regulation of the TSC-Rheb-mTORC1 circuit, AKT serves to link growth factor signals to a major signaling node controlling the metabolic changes that underlie cell growth (Saxton and Sabatini, 2017). mTORC1 activation serves to promote a variety of anabolic processes, such as protein, lipid, and nucleotide synthesis, while inhibiting the catabolic process of autophagy. In addition, mTORC1 is both a key downstream effector of PI3K-AKT signaling and a pathway inhibitor that exerts potent negative feedback effects on AKT activation by RTKs ( Figure 5C , see below).
Central Features of the AKT Signaling Network
Studies of the AKT signaling network using increasingly sophisticated genetic, pharmacological, cell biological, and biochemical approaches have revealed the complex wiring of this branching and looping network and its intimate regulatory links to other cellular signaling networks. These features are key to understanding signal propagation within the network, context-dependent cellular responses, and the inherent challenges of targeting the network in human diseases.
Feedback Mechanisms
Like all signaling pathways, the PI3K-AKT pathway is subjected to negative feedback regulation to assure that stimulatory signals are sensed and relayed in a transient manner. The sheer number of distinct negative feedback mechanisms that have been identified for PI3K-AKT signaling underscore the importance of switch-like behavior for this pathway and that turning AKT signaling back off is as central to proper pathway function as turning it on. Thus, several downstream effectors of AKT signaling also exert negative regulatory inputs into AKT activation, thereby acting as rheostats that both perceive signaling through the pathway and regulate pathway activity.
Among the downstream targets of AKT signaling, mTORC1 appears to play a particularly important role in acute feedback inhibition of AKT through a variety of mechanisms ( Figure 5C ). It has been recognized for many years that short-term treatment with the mTORC1 inhibitor rapamycin enhances the responsiveness of AKT to RTK signaling, most notably to insulin and IGF1 (Manning, 2004) . Much of this regulation has been attributed to mTORC1-dependent degradation of the insulin receptor substrates (IRS) IRS1 and IRS2, which serve as scaffolding adaptors linking the insulin and IGF1 receptors to PI3K-AKT activation. mTORC1 activation promotes IRS1 and IRS2 degradation through multiple serine phosphorylation events on these proteins mediated by mTORC1, S6K, or other unknown downstream protein kinases, thereby greatly dampening PI3K activation (Harrington et al., 2004; Shah and Hunter, 2006; Tzatsos and Kandror, 2006) . Thus, mTORC1 inhibition increases IRS1 and IRS2 stability and allows more robust and sustained insulin and IGF1 signaling to PI3K and AKT. Another adaptor protein, growth factor receptor bound protein 10 (GRB10), has also been found to be a direct target of mTORC1 that negatively regulates RTK signaling (Hsu et al., 2011; Yu et al., 2011) . The mTORC1-mediated phosphorylation of GRB10 stabilizes the protein and enhances its ability to attenuate signaling from the insulin and IGF1 receptors and IRS proteins, thus blocking PI3K-AKT activation. There are also points of cross-talk between mTORC1 and mTORC2 that influence the full activation of AKT. S6K1-mediated phosphorylation of the mTORC2 components Rictor (T1135) and Sin1 (T86, T398) decreases the mTORC2-dependent phosphorylation of AKT-S473 (Dibble et al., 2009; Julien et al., 2010; Liu et al., 2013b) . Curiously, this regulation of mTORC2 does not appear to affect its activity toward other substrates, including AKT T450. In addition to insulin and IGF1 signaling, mTOR inhibitors also enhance the activation of other RTKs upstream of PI3K and AKT. This includes members of the EGF Receptor family (EGFR, ErbB2 [also known as Her2], ErbB3 [also known as Her3], and ErbB4 [also known as [Her4]), which are acutely activated upon mTOR inhibition, without having immediate effects on receptor levels (Rodrik-Outmezguine et al., 2011) . While the post-translational mechanisms underlying this regulation are not currently known, the effects are most prominently seen with mTOR kinase inhibitors, rather than the allosteric inhibitor rapamycin. As this class of compounds inhibits mTORC1 and mTORC2 equally, some of this feedback regulation could be mediated by mTORC2 signaling.
Other downstream branches of AKT signaling also exert feedback effects on AKT activation. In cancer research, the use of pharmacological compounds inhibiting PI3K isoforms, AKT, or mTOR have uncovered robust feedback regulation of RTK protein levels by the FoxO transcription factors (Chandarlapaty et al., 2011; Muranen et al., 2012; Zhuang et al., 2013) . Prolonged inhibition of AKT signaling was found to enhance expression of the insulin and IGF1 receptors and HER3 through FoxO-dependent transcriptional induction, thereby rendering cells more prone to subsequent growth-factor-mediated activation of PI3K-AKT signaling (Chandarlapaty et al., 2011) .
Cross-Talk with Other Major Signaling Pathways
Points of cross-regulation between the PI3K-AKT pathway and other major signaling pathways are common. These integration points act to either directly regulate pathway components or converge on the regulation of downstream targets controlled by other pathways. While it is plausible that PI3K-AKT signaling intersects with all major signal transduction pathways in cells at one or more points, the diversity and complexity of cross-talk mechanisms are exemplified by those with the RAS-ERK and AMPK pathways ( Figure 6A ).
There is a particularly intimate relationship between the PI3K-AKT and RAS-ERK pathways, where inhibitors of one pathway will often activate the other (Mendoza et al., 2011) . One of the first substrates of AKT identified was the protein kinase c-Raf (or Raf1) (Rommel et al., 1999; Zimmermann and Moelling, 1999) , which is activated by RAS and initiates a kinase cascade culminating in ERK activation. AKT phosphorylates c-RAF on S259 and an equivalent site on B-RAF (S364), which inhibits RAF activation or downstream signaling by promoting binding to 14-3-3 proteins, particularly when other regulatory sites on these proteins are also phosphorylated by PKA or AMPK (Dumaz and Marais, 2003; Guan et al., 2000; Shen et al., 2013; Zimmermann and Moelling, 1999) . In addition to this point of direct cross-talk, many of the feedback mechanisms inherent to the AKT signaling network (discussed above) exert their effects through RTK signaling and scaffolding adaptors, which activate multiple mitogenic signaling pathways, including the RAS-ERK and PLCg-PKC pathways. ERK activation can also suppress RTKmediated induction of the PI3K-AKT pathway via phosphorylation of the scaffolding adaptors GAB1 and GAB2 (Mendoza et al., 2011 ). An unbiased kinome-wide siRNA screen revealed that attenuation of ERK signaling results in a general enhancement of AKT activation, indicating that there are likely to be additional inhibitory mechanisms between these pathways (Lu et al., 2011) . The PI3K-AKT and RAS-ERK pathways also converge to regulate many of the same downstream effectors (e.g., TSC2, FOXO, GSK3) and cellular processes (Mendoza et al., 2011) . One clear example of this convergent regulation is in the control of cap-dependent translation. This occurs, in part, through mTORC1 regulation via ERK-and RSK-mediated multi-site phosphorylation of both TSC2 and the mTORC1 component Raptor (Ma et al., 2005; Romeo et al., 2012; Roux et al., 2004) . Like RSK, the MAPK-interacting kinases (MNK1 and MNK2) are activated by ERK signaling. MNK1 and MNK2 phosphorylate the 5 0 -mRNA cap-binding protein eIF4E, which appears to promote its ability to initiate cap-dependent translation (Siddiqui and Sonenberg, 2015) . This regulatory input from ERK signaling occurs downstream of the mTORC1-mediated phosphorylation of the 4E-BP proteins, which stimulates their release from inhibitory binding of eIF4E. Thus, while the PI3K-AKT and RAS-ERK pathways can cross-inhibit one another, they can also act in a cooperative manner to robustly regulate key cellular processes involved in cell growth and proliferation.
AKT signaling has several points of cross-regulation with AMPK, a master cellular energy sensor that facilitates adaptation to ATP depletion ( Figure 6A ). As AKT signaling promotes glucose uptake and glycolysis, it stimulates ATP production and thereby indirectly prevents AMPK activation; however, AKT has been found to directly phosphorylate a C-terminal residue on AMPK (AMPKa1-S487), which hinders the activating phosphorylation of AMPK by LKB1 (Hawley et al., 2014; Horman et al., 2006) . This regulation is interesting in light of the fact that AKT and AMPK have both redundant and counteracting functions in the regulation of cellular metabolism and growth. AMPK and AKT can both induce glucose uptake in metabolic tissues, such as skeletal muscle, through their respective phosphorylation and inhibition of the RAB-GAPs TBC1D1 and TBC1D4 (also known as AS160), resulting in RAB-mediated translocation of GLUT4 to the plasma membrane (Chavez et al., 2008; Eguez et al., 2005; Sano et al., 2003) . While both kinases stimulate glucose uptake, they do so in response to distinct cues: AKT in response to insulin and AMPK in response to ATP depletion, such as what occurs during muscle contraction. On the other hand, AKT signaling, largely through its activation of mTORC1, stimulates ATPconsuming anabolic processes, whereas AMPK activation blocks anabolic metabolism in favor of ATP-producing catabolic processes (Dibble and Manning, 2013; Mihaylova and Shaw, 2011) . Through a variety of shared and distinct downstream targets, AKT and AMPK have opposing effects on mTORC1 signaling, protein, lipid, and glycogen synthesis and the induction of autophagy. Thus, cross-talk between these ubiquitous pathways is a key control point for adaptive switching between catabolic and anabolic states in cells and tissues.
Modularity and Redundancy
It is now well recognized that signaling is modular in nature and that substrates of AKT in one cell-and stimulus-specific context can be regulated by protein kinases related to AKT in another setting. This redundant regulation of substrates allows for key regulatory phosphorylation sites on a given protein to be responsive to a more diverse array of upstream inputs, which differentially regulate members of the AGC kinase family. This redundancy comes primarily through growth-factor-regulated kinases that are stimulated in a manner that is parallel to (e.g., SGK, RSK, PKC) or downstream of (e.g., S6K) AKT signaling. While alternative regulation through the same sequence motif might be the case for all AKT substrates, the three signaling nodes detailed above are excellent examples of this feature of the AKT signaling network ( Figure 6B ). The N-terminal inhibitory site on GSK3 isoforms (GSK3a-S21, GSK3b-S9) can be phosphorylated by RSK or S6K, downstream of ERK or mTORC1 signaling, respectively (Kaidanovich-Beilin and Woodgett, 2011). The sequestration of FOXO3a in the cytosol can also be promoted by SGK-mediated phosphorylation of T32 (Brunet et al., 2001) . Growth signals can activate mTORC1 signaling independent of AKT activity, including through the ERK-RSK pathway in a manner believed to involve RSK-mediated phosphorylation of at least two of the AKT sites on TSC2 (S939 and T1462), together with additional regulatory sites (Ma et al., 2005; Roux et al., 2004) . Interestingly, SGK1 or SGK3 can also replace AKT for phosphorylation of TSC2 and induction of mTORC1 signaling, which was revealed in cancer cells upon prolonged exposure to pharmacological inhibitors of PI3K or AKT and provides a mechanism of cellular resistance to such inhibitors (Bago et al., 2016; Castel et al., 2016) . In these examples, it appears that AKT is the dominant regulator, but this is unlikely to be the case for all AKT substrates and settings. Selective Signaling to Downstream Branches Given the diverse functions of AKT substrates, the ability to regulate subsets of downstream branches under different conditions would seem to be an essential feature; however, outside of differential expression of AKT substrates in a given biological context, this is a poorly understood area. A few parameters are likely to contribute to selective signaling to specific targets. The strength or duration of AKT activation might influence which substrates get phosphorylated. One indication of this property is in settings where mTORC2 is genetically or pharmacologically inhibited, thereby blocking AKT S473 phosphorylation, an event required to stabilize T308 phosphorylation for maximal AKT activation (Alessi et al., 1996a) . Upon loss of mTORC2, unknown mechanisms are induced to stabilize T308 phosphorylation resulting in sustained AKT signaling (Guertin et al., 2006; Jacinto et al., 2006) . The one notable exception is the AKT-mediated phosphorylation of FOXO isoforms, which is attenuated in the absence of mTORC2, despite the T308 compensation. One interpretation of these observations is that phosphorylation of FOXO, and perhaps other substrates, requires a higher threshold of AKT activity relative to other AKT substrates. Another likely mechanism directing differential substrate phosphorylation could be through spatial effects influencing AKT trafficking to its substrates or vice versa, which is an important future area of research.
For many AKT substrates, properties intrinsic to the substrate itself and its control by other regulatory inputs will direct specific downstream outputs. Through specific downstream targets, AKT signaling often intersects with cellular stress response and nutrient sensing pathways. In such cases, signals from intracellular stress or nutrient depletion are generally dominant over exogenous signals from growth factors and cytokines propagated by the PI3K-AKT pathway. For instance, opposing the AKT-mediated sequestration of FoxO family members in the cytosol ( Figure 4B ) are a number of stress-and nutrient-responsive pathways (e.g., p38, JNK, AMPK, SIRT1) that also directly modify FoxO transcription factors and promote their nuclear translocation and activation of gene targets, many of which are involved in adaptions to cellular stress (Webb and Brunet, 2014) . TSC2 and mTORC1 are also subjected to opposing regulation that senses the depletion of intracellular ATP or nutrients and dominantly inhibits the ability of AKT signaling to activate mTORC1 (Saxton and Sabatini, 2017) . Integration of these distinct signals assures that, regardless of the activation state of AKT, mTORC1 will not be activated to promote energy-and nutrient-consuming anabolic processes when these resources are limited. This manner of signal integration at the level of specific substrates, especially those that also play a role in feedback regulation of AKT, is likely key to matching the appropriate cellular response to the dynamically changing cellular state. For instance, growth factor signals to PI3K and AKT received in a cell that is nutrient deprived will result in enhanced survival signaling from AKT without the promotion of cell growth due to attenuation of mTORC1 signaling and its feedback effects on AKT. It seems likely that other such mechanisms exist that are inherent to specific AKT substrates that direct AKT action toward certain targets and away from others, thereby tailoring the signal to complement the cellular state.
AKT Isoform-Specific Functions and Substrates
The majority of AKT substrates are phosphorylated and functionally regulated by all three AKT isoforms; however, a number of substrates have been identified that are uniquely targeted by AKT1, AKT2, or AKT3. This substrate selectivity likely accounts for some isoform-specific phenotypes observed in genetic studies, suggesting unique properties inherent to AKT isoforms or their regulation that account for such specificity. For example, independent breast cancer studies have shown that AKT1 suppresses migration and metastasis, whereas AKT2 promotes metastatic dissemination (Dillon et al., 2009; Hutchinson et al., 2004; Irie et al., 2005; Maroulakou et al., 2007) ; however, such opposing and non-redundant functions of AKT isoforms are likely to be context dependent. For example, in prostate cancer cells with PTEN inactivation, AKT2 is exclusively required for cellautonomous tumor maintenance (Chin et al., 2014) , whereas in Pten +/À mice, the AKT1 isoform appears to suppress prostate tumor development (Chen et al., 2006) , while ablation of AKT2 has little impact . Global phospho-proteomic screening approaches have identified hundreds of novel phosphorylation sites that conform to the AKT consensus motif and have also provided new insights into potential AKT isoform-specific functions and substrates, many that await further validation (Lee et al., 2014; Moniz et al., 2017; Sanidas et al., 2014) . Mechanisms that likely contribute to AKT isoform-specificity for downstream substrates include molecular features of individual isoforms, discrete subcellular localization, and relative expression levels in a given setting. Selective activation of specific AKT isoforms in certain settings might also contribute (Kim et al., 2011) . Finally, the presence of oncogenic, activating somatic mutations in either AKT1, AKT2, or AKT3 will likely influence the pattern of specific substrate phosphorylation and signaling output . While the mechanistic aspects remain an interesting area of future investigation, clear evidence for AKT isoform-specific or -selective substrate phosphorylation has accumulated.
Physiology and Pathology of AKT Signaling
Given the broad spectrum of AKT substrates and functions discovered through genetic, biochemical, and cell biological studies, it is not surprising that AKT plays a central but diverse role in the response of various cell types and tissues to hormones, growth factors, cytokines, and neurotrophic factors, among other stimuli. Mouse genetics indicate that AKT1, AKT2, and AKT3 have both redundant and specific functions in different tissues (Dummler and Hemmings, 2007) . All tissues appear to express one or more AKT isoform, with AKT1 being the most widely expressed, AKT2 being enriched in insulinresponsive metabolic tissues, and AKT3 in the brain. Consistent with this tissue distribution, Akt1 À/À mice display growth retardation and perinatal lethality (Chen et al., 2001; Cho et al., 2001b) , Akt2 À/À mice develop a diabetes-like syndrome (Cho et al., 2001a) , Akt3 À/À mice display decreased brain size (Easton et al., 2005; Tschopp et al., 2005) , and compound knockouts develop a range of severe developmental abnormalities (Dummler and Hemmings, 2007) . Here, we provide an overview of our current knowledge of AKT function in various organ systems and effects of AKT dysfunction in specific pathological states (Table 1) .
Overgrowth Syndromes
Multiple distinct overgrowth syndromes in humans have been associated with one or more genetic defects in the PI3K-AKT signaling network. The genetic lesions that are causally implicated in these syndromes all elicit a constitutive increase in AKT-TSC-mTORC1 signaling and include amplification or somatic mosaic mutations in PIK3CA, all three AKT isoforms, or mTOR, or germline inactivating mutations in PTEN or components of the TSC complex (Keppler-Noreuil et al., 2014) . The clinical manifestations of these overgrowth disorders range from small skin lesions to extreme overgrowth in multiple tissues and increased tumor susceptibility. For instance, PIK3CA-Related Overgrowth Spectrum (PROS) is a congenital or early childhood overgrowth syndrome, where patients are at risk for development of malignancies, consistent with activating PIK3CA hotspot mutations at E545K and H1047R being frequent events in sporadic carcinomas (Samuels et al., 2004) . Proteus syndrome (PS) is a distinct progressive overgrowth abnormality in which affected individuals have a propensity to develop a range of benign tumors. The genetic basis for PS is a gain-of-function mutation in AKT1 at E17K in the PH domain (Lindhurst et al., 2011) . Affected individuals develop progressive overgrowth of most organs and tissues, in addition to severe vascular malformations.
Patients with activating mutations in AKT2 at E17K do not develop PS, but instead display severe insulin-independent hypoglycemia, asymmetric overgrowth, and obesity (Hussain et al., 2011) . Patients with the equivalent AKT3 E17K mutation develop brain overgrowth and megalencephaly (Poduri et al., 2012) . The downstream TSC-mTORC1 branch appears to be particularly important in driving overgrowth in these syndromes associated with activation of the PI3K-AKT pathway, with patients often showing improvement upon treatment with mTORC1 inhibitors.
Cancer
Multiple genetic lesions confer hyperactivation of AKT in human solid tumors and hematological malignancies. These include amplification or recurring oncogenic somatic mutations in EGFR, HER2, or other RTKs, PDK1, and PIK3CA. Similarly, inactivating mutations or loss-of-heterozygosity in tumor suppressor genes such as PTEN, INPP4B, and PHLPP also lead to hyperactivation of AKT (reviewed in Mayer and Arteaga [2016] ); however, AKT activation is not always concordant with PIK3CA mutation (Vasudevan et al., 2009) , and other PI3K effectors are also likely to contribute to malignancy (Lien et al., 2017) . While AKT is most frequently activated in human cancers by mutations affecting upstream regulators, the three AKT isoforms themselves are bona fide oncogenes. Albeit at lower frequencies than core AKT regulators, such as PIK3CA, amplification or activating mutations in the AKT genes have been identified in multiple solid tumors (Altomare and Testa, 2005 ). The first-described somatic activating mutation of any Akt gene was the E17K mutation in the PH domain of AKT1 in breast cancer patients (Carpten et al., 2007) . AKT1 E17K is a low-frequency (1.5%-9%) recurring mutation in breast cancers (Rudolph et al., 2016) . This mutation confers constitutive kinase activation due to a charge switch at Glu17 in the phosphoinositide-binding pocket of the PH domain that allows constitutive membrane localization of AKT (Carpten et al., 2007; Landgraf et al., 2008) ; however, AKT1 E17K is incapable of promoting tumorigenesis in the absence of other driver mutations (Lauring et al., 2010; Mancini et al., 2016) . Like PIK3CA mutations, AKT E17K mutations are found in luminal, estrogen-receptor (ER)-positive breast cancers, suggesting that PI3K-AKT pathway activation confers a selective advantage in this lineage (Salhia et al., 2012) . It is also noteworthy that, in addition to E17K, other activating mutations in AKT1 have been described in human cancers (Yi and Lauring, 2016) . While the equivalent AKT2 E17K mutation has been identified in one breast cancer patient though a large-scale sequencing effort (Stephens et al., 2012) , AKT2 E17K does not appear to be a recurring event in breast cancer. By contrast, the equivalent AKT3 E17K has been identified as a recurring mutation, particularly in melanoma (Davies et al., 2008) . In all of these cases, the array of downstream pro-survival and pro-growth effects of AKT signaling, including changes to cellular metabolism, are likely to contribute to its role in tumor growth and progression (Manning and Cantley, 2007) . Endothelial Cell Function, Angiogenesis, and Vascular Biology The AKT signaling network plays a major functional role in cells that are often dysregulated in vascular abnormalities, including endothelial cells (ECs), vascular smooth muscle cells (VSMCs), and macrophages. AKT1 appears to be the major isoform that contributes to normal EC physiological functions, and activation of AKT1 by vascular endothelial growth factor (VEGF) stimulates EC proliferation, migration, and survival . This is consistent with the finding that endothelial nitric oxide (NO) synthase (eNOS), which controls vascular tone, is an AKT1-specific substrate in endothelial cells (Lee et al., 2014) . Thus, loss of AKT1, but not AKT2, in mouse ECs results in reduced NO release and impaired angiogenesis (Ackah et al., 2005) . AKT1 has also been implicated in vascular remodeling. Expression of an activated AKT1 allele in ECs blocks the formation of neointimal lesions following arterial injury (Mukai et al., 2006) and induces pathological angiogenesis concomitant with increased vascular permeability (Phung et al., 2006) . AKT1 is the predominant isoform expressed in VSMCs and promotes VSMC cell proliferation, survival, and migration, with loss of AKT1 enhancing the development and severity of atherosclerosis in mouse models (Ferná ndez-Hernando et al., 2007 . Atherosclerosis is a widespread cardiovascular disorder that is dominated by the formation of localized vascular plaques comprised of lipid-laden macrophages, referred to as foam cells. AKT isoforms have prominent functions in macrophages related to innate immunity (see below), but they have also been found to influence foam cell formation. Mice lacking Akt2, but not Akt1, in hematopoietic cells display decreased atherosclerotic lesions (Babaev et al., 2014) . By contrast, Akt3 knockout mice have enhanced development of atherosclerosis due to an increase in formation of foam cells, which appears to be an intrinsic property of Akt3-deficient macrophages resulting from enhanced uptake of lipoproteins (Ding et al., 2012) . Taken together with the critical functions of AKT1 in ECs and VSMCs, the three AKT isoforms play a complex, yet critical, role in vascular health and disease.
Insulin Response and Systemic Metabolism
In metazoans, AKT signaling has co-evolved with insulin and IGF1 signaling, with PI3K-dependent AKT activation being the primary effector pathway for these hormones in model organisms, including worms, flies, and rodents. In mammals, the insulin-mediated activation of AKT is central to proper glucose disposal and other metabolic adaptations after feeding through differential actions in metabolic tissues. Evidence suggests that AKT1 activation in pancreatic islet cells increases b-cell mass and insulin production (Buzzi et al., 2010) . The TSCRheb-mTORC1 circuit is the likely downstream effector for this function, as islet cell-specific activation of mTORC1 results in a robust expansion of islets, hyperinsulinemia, and improved glucose tolerance (Howell and Manning, 2011) . Post-prandial insulin secretion from the pancreas initiates the systemic metabolic response, which requires distinct functions of AKT in the major insulin-responsive tissues, including the liver, muscle, and fat. With some partial redundancy from AKT1, AKT2 appears to be the dominant functional isoform in these tissues for the response to insulin. As such, Akt2 knockout mice exhibit insulin resistance and glucose intolerance and have type 2 diabetes (Cho et al., 2001a; Garofalo et al., 2003) . Interestingly, rare dominant-negative mutations in Akt2 have been found to underlie the genetic development of severe diabetes in humans (George et al., 2004) . Importantly, AKT signaling is attenuated in metabolic tissues in the insulin-resistant state that underlies type 2 diabetes. Insulin resistance occurs, at least in part, through chronic activation of feedback and cross-talk mechanisms inherent to the PI3K-AKT signaling network (see above). The decreased ability to activate AKT disrupts the key metabolic actions of insulin.
Insulin signaling to AKT in the liver is essential for suppression of hepatic glucose production and for the stimulation of lipid synthesis (Dummler et al., 2006; Leavens et al., 2009; Ono et al., 2003) . Insulin suppresses gluconeogenesis in hepatocytes via the AKT-mediated phosphorylation and inhibition of FoxO1, which in the fasted state resides in the nucleus and induces expression of the key gluconeogenic enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) (Matsumoto et al., 2007; Puigserver et al., 2003) . Strikingly, the uncontrolled hepatic glucose production and insulin resistance in mice with liver-specific loss of Akt1 and Akt2 is reversed by co-deletion of Foxo1 (Lu et al., 2012) , providing definitive genetic evidence that inhibition of FoxO1 is an essential function of AKT in the liver. A particularly surprising implication of this finding is that in the absence of FoxO1, hepatic AKT signaling appears to be dispensable for the control of glucose metabolism by fasting and feeding. AKT signaling can also decrease hepatic glucose release by channeling glucose 6-phosphate toward glycogen synthesis; however, the insulin-stimulated, AKT2-dependent promotion of glycogen synthesis in the liver has been found to occur through an unknown mechanism that is independent of GSK3 phosphorylation (Wan et al., 2013) . Insulin and AKT signaling in the liver also enhances de novo lipid synthesis, at least in part, through activation of the SREBP1c transcription factor (Leavens et al., 2009 ). Downstream of AKT, mTORC1 plays a major role in the activation of SREBP isoforms to promote de novo lipid synthesis (Dü vel et al., 2010; Porstmann et al., 2008) . Induction of SREBP1c and lipid synthesis in the liver has been found to depend on both AKT2 and mTORC1, with FoxO1 suppression also contributing in this setting .
Another major effect of insulin on systemic metabolism is through the suppression of lipolysis and fatty acid release from adipose tissue, which likewise influences systemic insulin responsiveness (Czech et al., 2013) . The inhibition of lipolysis is achieved, at least in part, through the suppression of catecholamine signaling to PKA, which induces lipolysis in the fasted state through the activation of acyl-glycerol lipases, including adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL). PKA signaling promotes ATGL and HSL access to the triglyceride-rich lipid droplet of adipocytes, and insulin signaling attenuates this effect; however, an essential role for AKT in the ability of insulin to suppress lipolysis has not been fully established. Adipose-specific knockout of the mTORC2 component Rictor, which leads to attenuation of AKT signaling, results in a failure of insulin to block lipolysis (Kumar et al., 2010) , but mice lacking AKT2 exhibit only a partial defect in insulin-mediated suppression of lipolysis (Koren et al., 2015) . AKT has been found to directly phosphorylate phosphodiesterase 3B (PDE3B) on S273, which appears to enhance its ability to hydrolyze cAMP, thereby blocking PKA activation (Kitamura et al., 1999) . Consistent with this being a key point of regulation, insulin fails to inhibit lipolysis in PDE3B knockout mice ; however, the ability of insulin to block lipolysis is restored to PDE3B null adipocytes with re-expression of either wild-type PDE3B or a phosphorylation-site mutant (S273A), suggesting that other regulatory sites on PDE3B or parallel mechanism are also required for this regulation . Rapamycin-mediated inhibition of mTORC1, downstream of AKT, leads to an increase in plasma lipids in humans (Morrisett et al., 2002) , and S6K1 knockout mice show a similar phenotype with a corresponding decrease in adiposity (Um et al., 2004) . These effects have been attributed to a role for mTORC1 in suppressing lipolysis, as mTORC1 inhibition induces lipolysis in cultured adipocytes, which correlates with increased ATGL expression and PKAdependent activating phosphorylation of HSL (Chakrabarti et al., 2010; Soliman et al., 2010) . Recent studies have also found that the process of autophagy, which mTORC1 acutely inhibits, is intimately linked to the induction of lipolysis (Cingolani and Czaja, 2016) .
The clearance of circulating glucose via uptake into adipose tissue and, especially, skeletal muscle is induced by insulin through the activation of AKT, predominantly AKT2 (Cho et al., 2001a; Garofalo et al., 2003) . Insulin-stimulated PI3K-AKT signaling leads to rapid translocation of the primary glucose transporter in these tissues, GLUT4, to the plasma membrane (Leto and Saltiel, 2012) . AKT2 has been found to associate with GLUT4-containing vesicles and promotes their trafficking and plasma membrane fusion in response to insulin (Calera et al., 1998; Ng et al., 2008 ). AKT appears to phosphorylate several direct downstream targets that regulate exocytosis of these vesicles (Leto and Saltiel, 2012) . The best characterized of these is the Rab-GAP TBC1D4 (or AS160), which acts to retain Glut4-containing vesicles in the cytosol, a function that is disrupted by AKT-mediated phosphorylation of multiple regulatory sites leading to TBC1D4 binding to 14-3-3 proteins (Eguez et al., 2005; Ramm et al., 2006; Sano et al., 2003) . Subsequently, the newly acquired glucose from GLUT4-mediated uptake is stored as glycogen in skeletal muscle through the action of glycogen synthase, which is activated by AKT signaling via GSK3 phosphorylation and inhibition (McManus et al., 2005) .
AKT signaling in response to insulin and IGF1 in skeletal muscle also enhances protein synthesis while attenuating protein breakdown (Egerman and Glass, 2014) . Through its induction of protein synthesis and inhibition of autophagy, mTORC1 signaling is a major driver of IGF1-stimulated muscle hypertrophy (Ohanna et al., 2005; Rommel et al., 2001 ). Skeletal-muscle-specific knockout of mTORC1 results in muscle dystrophy (Bentzinger et al., 2008) , and sustained mTORC1 signaling is sufficient to overcome atrophy during muscle immobilization (You et al., 2015) ; however, constitutive activation of mTORC1 in muscle can lead to organellar dysfunction and myopathy over time through chronic inhibition of autophagy (Castets et al., 2013) . Interestingly, genetic activation of mTORC1 during denervation, which normally suppresses its activity, has been found to enhance muscle atrophy, at least in part through feedback suppression of AKT signaling to the FoxO transcription factors (Tang et al., 2014) . AKT suppresses muscle protein breakdown through its inhibition of FoxO, thereby blocking expression of genes encoding the major muscle E3-ubiquitin ligases atrogin-1 and MuRF1 (Lee et al., 2004; Sandri et al., 2004; Stitt et al., 2004) . By promoting an increase in muscle mass through such mechanisms, AKT signaling in skeletal muscle can improve systemic metabolism and overcome diet-induced obesity (Izumiya et al., 2008) .
As a systemic negative feedback mechanism, insulin and leptin act on the hypothalamus to suppress food intake by stimulating AKT signaling to FoxO and mTORC1. Hypothalamic FoxO1 promotes food intake through the transcriptional induction of neuropeptide Y (NPY) and agouti-related peptide (AgRP), two major orexigenic peptides . AKTmediated inhibition of FoxO1 in NPY-and AgRP-producing neurons blocks the synthesis of these peptides in response to insulin or leptin. The production of NPY and AgRP is also blocked by hypothalamic mTORC1-S6K1 signaling, thereby providing an additional suppressive signal on food intake (Blouet et al., 2008; Cota et al., 2006) . Additional studies are needed to understand the role of AKT signaling in other regions of the brain that influence feeding behavior and the potential pathophysiological functions of AKT dysregulation in feeding disorders.
Immunity and Autoimmune Diseases
The PI3K-AKT pathway plays a diverse role in both myeloid cells of the innate immune system and lymphoid cells of the adaptive immune system. While the immunological functions of the AKT signaling network is a rather broad and active area of research, the focus here is on established cell-autonomous functions in these lineages.
A variety of different stimuli can activate AKT in myeloid cells, including specific growth factors, cytokines (e.g., IL-4), and ligands for toll-like receptors (TLRs; e.g., lipopolysaccharide [LPS] ) and GPCRs (e.g., fMet-Leu-Phe [fMLP]). AKT activation stimulates a similar array of downstream effectors across the myeloid lineage, but how these signals impinge on the inflammatory action of each cell varies and is not well defined in most cases. AKT has emerged as a mediator of macrophage polarization in response to different stimuli (Covarrubias et al., 2015; Weichhart et al., 2015) . Polarization refers to specialized states adopted by activated macrophages (e.g., pro-or anti-inflammatory), which are dictated by the integration of diverse exogenous signals and alterations in the metabolic status of the cell. Along a continuum of functional states, the M1 state is the classical proinflammatory, anti-microbial macrophage promoted by LPS, whereas the M2 state mediates tissue repair, fibrosis, and response to parasitic infections and is induced by IL-4. While both M1 and M2 polarizing signals activate AKT, most genetic and pharmacological evidence suggests that AKT signaling promotes features of M2 macrophage polarization (Covarrubias et al., 2015; Weichhart et al., 2015) ; however, differential effects have been reported for AKT isoform-specific knockouts, with Akt1 null macrophages polarized toward the M1 state and Akt2 null macrophages toward M2 (Arranz et al., 2012; Babaev et al., 2014) . What underlies this apparent functional difference is not well defined but suggests that AKT2 might oppose the action of AKT1 in its promotion of M2 polarization. The TSCmTORC1 circuit appears to play an important role in the control of this process. Mouse genetic models suggest that mTORC1 activation opposes the M2-polarizing effects of PI3K-AKT signaling, with negative feedback mechanisms dominating this regulation (Byles et al., 2013; Jiang et al., 2014; Zhu et al., 2014) . Consistent with mTORC1 functioning downstream of AKT in the promotion of M2 polarization, rapamycin has been found to selectively kill human M2 macrophages while enhancing M1 polarization (Mercalli et al., 2013) . Alterations in cellular metabolism appear to underlie macrophage polarization (Covarrubias et al., 2015; Weichhart et al., 2015) . Interestingly, AKT-induced glucose uptake, glycolysis, and production of cytosolic acetyl-CoA were recently found to promote M2 polarization by enhancing gene expression of specific targets in the M2 program, an effect largely attributed to epigenetic changes through directed histone acetylation (Covarrubias et al., 2016 ). An increase in ACLY-activating phosphorylation and protein levels downstream of AKT and mTORC1 were responsible for the increase in acetyl-CoA available for chromatin modifications. One mechanism by which AKT signaling might suppress M1 polarization in favor of M2 is through its inhibition of FoxO1, which promotes the expression of key M1 genes involved in inflammatory signaling, such as TLR4 (Fan et al., 2010) . PI3K-AKT signaling in dendritic cells appears to dampen inflammatory signals, at least in part, by increasing expression of the anti-inflammatory cytokine IL-10 while decreasing expression of the pro-inflammatory cytokine IL-12 (Weichhart et al., 2015) . Combined effects of the TSC-mTORC1, FoxO1, and GSK3 branches of AKT signaling likely contribute to this regulation. In addition, the mTORC1-inhibited process of autophagy has been suggested to play a key role in antigen processing and presentation by dendritic cells (Jagannath et al., 2009) . In neutrophils, the control of cell polarity and chemotactic migration is key to their rapid response to infection or tissue damage. PI3Kg, AKT2, and GSK3 are involved in the neutrophil response to GPCR agonists (e.g., fMLP), with mouse genetics demonstrating a prominent role in both neutrophil chemotaxis and induction of the respiratory burst involved in microbial killing (Chen et al., 2010b; Hirsch et al., 2000; Li et al., 2000; Liu et al., 2010; Tang et al., 2011) . As in macrophage lineages, opposing functions for AKT isoforms have been observed in neutrophils, with Akt1-deficient neutrophils displaying enhanced migration and bacterial killing (Liu et al., 2013a) . These genetic studies suggest that AKT2 promotes the mobilization and activation of neutrophils, while AKT1 has suppressive effects.
PI3K signaling plays a diverse and critical role in T cell and B cell functions in the adaptive immune system (So and Fruman, 2012) . In lymphocytes, it is predominantly the PI3Kd isoform that is activated by the T cell receptor (TCR), B cell receptor (BCR), and a variety of co-receptors and cytokine receptors, leading to activation of AKT and other effectors (Okkenhaug et al., 2002) . The importance of properly linking transient PI3K-AKT activation to these coordinated immune signals is underscored by a variety of gain-of-function mouse models that give rise to severe lymphoproliferative and autoimmune disorders (Borlado et al., 2000; Parsons et al., 2001; Suzuki et al., 2001) . AKT is important for the stimulated uptake of nutrients required for the survival and expansion of thymocyte populations, prior to differentiation into specific T cell lineages (Juntilla et al., 2007) . Different classes of CD4 + T-helper (Th) cells exist that are defined by the cytokines they produce, which differentially influence the activity of other cells of both the innate and adaptive immune systems. The differentiation and clonal expansion of these populations involves AKT signaling to the TSC-mTORC1 circuit and FOXO family members, which serve to promote Th1, Th2, and Th17 cell differentiation while hindering the development of immunosuppressive Tregs (Delgoffe et al., 2009 (Delgoffe et al., , 2011 Gerriets et al., 2016; Kerdiles et al., 2010; Ouyang et al., 2010) . While antigen and cytokine stimulation of CD8 + T cells activate the PI3K-AKT pathway, the functional consequence of this signal is not entirely clear (Macintyre et al., 2011) ; however, mTORC1 plays an essential role in the differentiation and expansion of CD8 + cytotoxic T lymphocytes (CTLs) while attenuating the development of memory CD8 + T cells (Pollizzi et al., 2015) .
As in other cell types (Dü vel et al., 2010) , mTORC1 activation promotes glucose uptake, glycolysis, and lipid synthesis to drive differentiation and anabolic cell proliferation in both Th cells and CTLs, while these metabolic changes appear to suppress Treg and memory cell functions (Gerriets et al., 2016; Kidani et al., 2013; Pollizzi et al., 2015; Shi et al., 2011) . In B cell development, PI3K-AKT signaling is required for transition of pro-B cells into IgM-expressing immature B cells (Okkenhaug et al., 2002) . This process requires suppression of the recombination-activating gene (RAG) loci Rag1 and Rag2, which is mediated through AKT-dependent inhibition of FoxO1, a transcriptional activator of these genes (Amin and Schlissel, 2008) . AKT signaling to FoxO1 also plays key roles in the maturation and survival of peripheral B cell populations and Ig class switching (Calamito et al., 2010; Chen et al., 2010a; Omori et al., 2006) . The opposing cell intrinsic functions of different AKT isoforms in distinct myeloid and lymphoid lineages, together with the critical communication between these populations of innate and adaptive immune cells that varies with the given challenge, makes interpretation of studies using whole body knockouts of AKT isoforms or systemic administration of PI3K, AKT, or mTOR inhibitors challenging at a mechanistic level.
Neuronal Functions and Neurological Disorders
AKT signaling plays important roles in neuronal survival, growth, polarity, synaptic plasticity, and circuitry, thereby influencing brain development and function with implications in a diverse set of neurological disorders. In the developing brain, PI3K-AKT signaling is activated by a variety of growth and neurotrophic factors (e.g., IGF1, nerve-growth factor [NGF], brain-derived neurotrophic factor [BDNF] ) and controls neuronal survival and morphology. The AKT-mediated inhibition of the proapoptotic protein Bad and Foxo transcription factors promotes neuronal cell survival (Brunet et al., 1999; Datta et al., 2000) . Localized PI3K-AKT pathway activation and its inhibitory phosphorylation of GSK3 drives axon specification in neurites of developing neurons by activating collapsin response mediator protein 2 (CRMP-2), which associates with axonal growth cones in a manner that is inhibited by GSK3 (Jiang et al., 2005; Yoshimura et al., 2005) . Through its activation of mTORC1, AKT signaling promotes the growth of multiple populations of brain cells, including neurons and astroglial cells, and plays a critical role in both developmental brain growth and pathological growth underlying megalencephaly and cortical malformations (Lipton and Sahin, 2014) . The dynamic process of synapse formation (i.e., synaptic plasticity) is tightly regulated and required for the establishment of proper neuronal circuits and memory. Activation of AKT and mTORC1 signaling is important in the control of synaptic plasticity, affecting both long-term potentiation (LTP) and long-term depression (LTD) through its induction of localized protein synthesis (Hou and Klann, 2004; Li et al., 2010; Tang et al., 2002) .
Dysregulation of the AKT signaling network underlies numerous neurodevelopmental, neurocognitive, neuropsychiatric, and neurodegenerative disorders. Germline or somatic mosaic mutations leading to increased activation of PI3K-AKTmTORC1 signaling are frequently associated with epilepsy, autism spectrum disorders, and intellectual disabilities, a point that is exemplified by the multi-faceted TSC disease (Lipton and Sahin, 2014) . Decreased AKT signaling has been associated with a number of mood disorders, including depression, schizophrenia, and bipolar disorder. Depression is believed to be caused by localized synaptic deficits and is associated with decreases in BDNF signaling to AKT and mTORC1, which can be reversed by anti-depressant drugs such as ketamine (Abdallah et al., 2015) . Increased GSK3 activity upon attenuation of AKT signaling also contributes to depression, as well as schizophrenia and bipolar disorder (Emamian et al., 2004; KaidanovichBeilin and Woodgett, 2011) . Gsk3a À/À or Gsk3b +/À mice display anti-depression-like behaviors that mimic those of animals on lithium, a GSK3 selective inhibitor used to treat mood disorders. While Gsk3a S21A ; Gsk3b S9A mice are developmentally normal (McManus et al., 2005) , they are sensitive to hyperactivity with phenotypes associated with anxiety in response to environmental changes and stress (Kaidanovich-Beilin and Woodgett, 2011; Polter et al., 2010) . Various studies have also linked dysfunctional signaling of AKT and its downstream targets to neurodegenerative diseases, including Alzheimer's. In the brains of Alzheimer's patients, AKT signaling to GSK3 and mTORC1 appears elevated Griffin et al., 2005) . It has been suggested that mTORC1-mediated inhibition of autophagy might hinder the clearance of pathological protein aggregates in Alzheimer's and other neurodegenerative diseases (Nixon, 2013) . GSK3 has been implicated in Alzheimer's disease and directly phosphorylates several proteins that contribute to the pathology of the disease, including amyloid precursor protein, presenilin, and tau (Kaidanovich-Beilin and Woodgett, 2011) ( Figure 3) ; however, it is not clear whether this function of GSK3 is influenced by AKT signaling. Additional studies are needed to understand the role of FOXO family members in neurodegeneration, as there is increasing evidence that FOXO can promote the clearance of misfolded proteins (Webb and Brunet, 2014) .
Therapeutic Targeting of AKT
While it is clear that PI3K-AKT signaling influences a wide variety of human diseases, therapeutic development of AKT inhibitors has been largely restricted to oncology. Over 50% of human tumors display hyperactivation of AKT. Over the last decade, numerous specific and potent PI3K pathway small molecule inhibitors have entered clinical trials. The in vitro use of two PI3K inhibitors, LY294002 and wortmannin, was instrumental in decoding many of the mechanisms by which PI3K initiates signaling, including AKT activation; however, subsequent studies showed that both compounds, in addition to blocking all PI3K isoforms, also directly inhibit mTOR, which is a PI3K-related protein kinase (Brunn et al., 1996) . As more specific and potent PI3K and AKT inhibitors have since been developed, it is highly recommended that wortmannin and LY294002 no longer be used to make specific conclusions regarding the functions of PI3K or AKT. Some efficacy and therapeutic benefits have been observed in patients treated with new classes of PI3K inhibitors, but their use can be limited by significant toxicity (Mayer and Arteaga, 2016) . Several AKT small molecule inhibitors have also been developed and are currently undergoing clinical evaluation. A large number of ATP-competitive AKT inhibitors have been developed. Given the high degree of similarity of the ATP-binding pocket among AGC family kinases, it is not surprising that a lack of specificity is a major caveat of active site inhibitors. GSK690693 inhibits all AKT isoforms and showed efficacy in a number of preclinical studies, but dose-limiting toxicities that are likely on target, associated with hyperglycemia, led to termination of the clinical development of this drug (Crouthamel et al., 2009; Rhodes et al., 2008) . AZD5363 is a nanomolar pan-AKT inhibitor that has shown efficacy in a number of hematological cancers and solid tumor models (Crabb et al., 2017; Davies et al., 2012) . One of the more clinically advanced catalytic inhibitors is GDC0068 (Ipatasertib), a highly potent and specific orally bioavailable inhibitor of all three AKT isoforms. Although GDC0068 has shown efficacy in preclinical models with PTEN inactivation or PIK3CA mutation (Lin et al., 2013) , a phase I trial did not reveal significant antitumor activity (Saura et al., 2017) . Afuresertib or GSK2110183, which inhibits AKT1 in the subnanomolar and AKT2 and AKT3 in the low nanomolar range, has also shown potent activity in preclinical models and, in phase I trials, appears to be well-tolerated (Dumble et al., 2014) .
Catalytic AKT inhibitors block the phosphorylation of downstream substrates in a dose-dependent manner, but actually protect AKT from dephosphorylation at T308 and S473 Okuzumi et al., 2009) . Moreover, catalytic AKT inhibitors actually enhance PI3,4P 2 and PIP 3 binding, since the kinase adopts a conformation where the PH domain is released from its inhibitory interactions with the catalytic domain, leading to enhanced membrane binding (Vivanco et al., 2014) . In a direct comparison, catalytic inhibitors show less efficacy in promoting cell death than allosteric inhibitors that target the PH domain (Vivanco et al., 2014 ) (see below).
MK2206 is a specific, potent, and orally bioavailable allosteric AKT inhibitor that targets both the PH and catalytic domains (Hirai et al., 2010) and induces robust cancer cell death both alone and in combination with other compounds (Wisinski et al., 2016) . As single agent therapy, however, MK2206 has not shown significant efficacy in the clinic (Ma et al., 2016) . Unlike catalytic inhibitors, allosteric inhibitors target the closed, inactive conformation of AKT where the PH domain engages the kinase domain, thereby preventing phosphorylation and activation (Barnett et al., 2005; Hirai et al., 2010) . Consistent with the notion that the AKT E17K mutation is constitutively membrane bound, this oncogenic AKT allele is less sensitive to MK2206 (Parikh et al., 2012) . Finally, ARQ092 is a structurally distinct allosteric inhibitor that targets all three AKT isoforms, potently inhibits AKT signaling, and is currently under evaluation in phase I trails (Lapierre et al., 2016; Yu et al., 2015) .
To date, both catalytic and allosteric inhibitors have shown limited efficacy in the clinic. A possible contributing factor to the lack of significant antitumor responses observed with all AKT inhibitors is a lack of patient stratification for those with activating AKT or PIK3CA mutations in the corresponding trials. In trials where patients were selected for the presence of pathway mutations-for example, the AKT1 E17K mutation-a number of patients showed partial responses when treated with AZD5363 (Davies et al., 2012) . Moreover, the relief of feedback inhibition in tumors treated with AKT inhibitors leads to a rebound effect, resulting in robust PI3K pathway activation, thereby limiting the efficacy of such inhibitors, at least as single agents (Chandarlapaty et al., 2011) . Importantly, PI3K pathway mutations, such as oncogenic PIK3CA, do not always coincide with elevated phosphorylation of AKT, with other PI3K effectors such as SGK isoforms driving downstream signaling in some settings (Vasudevan et al., 2009 ). The emergence of resistance to AKT inhibitors poses a major challenge to the effective implementation of small molecule inhibitors targeting the PI3K-AKT network in patients. These resistance mechanisms include increased expression of SGK isoforms (Bago et al., 2016; Sommer et al., 2013) , further illustrating the challenge of overcoming regulatory redundancy within the network (see above).
Despite the specific functions and substrates attributed to the three AKT isoforms in pathobiology, highly selective and potent AKT isoform-specific inhibitors have yet to be developed. Based on our knowledge of isoform-specific AKT functions, optimizing AKT inhibitors to spare AKT2 might be particularly effective at relieving the major on-target toxicity of hyperglycemia in cancer settings, where AKT1 or AKT3 are the primary drivers.
Conclusions and Perspectives
The past 25 years of research on the AKT protein kinases has revealed an intricate molecular blueprint of AKT regulation and function and increasing insights into its role in cell, tissue, and organismal physiology. The diverse functional repertoire of AKT stems from the numerous downstream substrates that have evolved regulatory sequences that link the control of their cellular function to the myriad of upstream signals that stimulate AKT activity. The ever-expanding list of AKT substrates and their overlap and cross-talk with other major cellular signaling networks creates a dynamic environment, where the integration of distinct signals at the level of multiple downstream effectors is required for a cell to mount an appropriate response. It is now well recognized that signals from a combination of exogenous ligands and nutrients are perceived in a context of parallel cues monitored by pathways that sense intracellular nutrients, energy, and various stresses. Layered on top of this are feedback mechanisms, threshold effects, and spatial and temporal influences on signal propagation. Thus, the days of thinking about signal transduction in a binary, on-off fashion are long past. While the one-signal, one-substrate, one-function paradigm remains useful for reductionist research and will continue to play an essential role in discovering new components of signaling networks, we must also recognize and embrace the network-based view. The reality of the complexity of integrated signaling networks dictates that all signaling is contextual by nature, a fact that often leads to misinterpretation or overinterpretation of data. Now that the complexity of AKT signaling is glaringly evident, unraveling the detailed circuitry of the network and the strategies it employs to propagate cellular information will require novel biochemical, cell biological, genetic, computational, and systems approaches. Only with a more sophisticated understanding of the wiring and dynamic rewiring of the PI3K-AKT signaling network will we really grasp how to pharmacologically or biologically manipulate the network to treat the diverse set of human diseases exhibiting pathological features elicited by its dysregulation.
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